Introduction {#s0005}
============

Aberrant DNA methylation in cancer cells that results in activation of oncogenes and silencing of tumor-suppressor genes introduces epigenetic modifiers as a promising therapeutic target for cancer treatment. Hypermethylation of five to ten percent of promoter CpG islands in most cancers results in silencing of many critical tumor suppressor genes [@b0005], [@b0010]. The reversible nature of epigenetic alterations present new opportunities to utilize DNA methylation inhibitors such as 5-azacytidine (azacitidine), 5-aza-2ʹ-deoxycytidine (decitabine) and guadecitabine (SGI-110) for epigenetic therapy of cancer [@b0015]. These drugs incorporate into DNA and trap DNA methyltransferases (DNMTs) in the form of a covalent protein--DNA adduct that in turn alters DNA and histone epigenetic profiles, reprogram tumor cells to a more normal-like state by affecting multiple pathways and sensitize them to chemotherapy and immunotherapy [@b0020].

SGI-110 treatment in hepatocellular carcinoma cells resulted in inhibition of cell growth and delayed tumor growth in mouse xenograft models [@b0025], [@b0030]. The preclinical *in vivo* findings also demonstrated the clinical potential of SGI-110 for reducing lung tumor burden through reprogramming the epigenome [@b0035]. SGI-110 treatment has also been effective in decreasing pancreatic ductal adenocarcinoma cell viability and improved their response to the chemotherapeutic agent, Irinotecan [@b0040]. Apart from its clinical progress as a single agent in patients with hematologic malignancies, SGI-110 has presently gained significant interest in combinatorial therapies and as a priming agent in solid tumors and is being evaluated in phase 1/2 clinical trials for various solid tumors [@b0045].

In the process of investigating SGI-110 growth inhibitory mechanisms of action in rhabdomyosarcomas (RMS), we noticed a dramatic drug related suppression of fibroblast growth factor receptor 4 (FGFR4) protein levels in both fusion-negative embryonal rhabdomyosarcoma (eRMS) and fusion positive alveolar rhabdomyosarcomas (aRMS). FGFR4 encodes a member of the FGFR family of receptor tyrosine kinases (RTK) that affects diverse cellular processes, including the regulation of cell proliferation, differentiation, migration, metabolism, and bile acid biosynthesis [@b0050], [@b0055], [@b0060]. FGFR aberrations have been identified in a variety of disorders including myeloproliferative syndromes, lymphomas, prostate, ovarian and breast cancers as well as other malignant diseases [@b0055], [@b0060], [@b0065]. In rhabdomyosarcoma, FGFR4 overexpression at the mRNA and protein levels especially in PAX3-FOXO1-positive aRMS is associated with advanced-stage cancer and lower overall survival [@b0070], [@b0075], [@b0080]. Moreover, two activating mutations in FGFR4 tyrosine kinase domain have been identified in 7.5% of primary human RMS tumors [@b0080], [@b0085]. In aRMS, genetic depletion of FGFR4 has been shown to inhibit proliferation *in vitro* and reduce proliferation and lung metastasis *in vivo* [@b0080]. In eRMS, FGFR4 loss-of-function reduced cell proliferation *in vitro* and xenograft formation *in vivo*, while in aRMS, it diminished cell survival *in vitro* [@b0090]. Ectopic expression of a constitutively active mutant of FGFR4 has been shown to be involved in the development and progression of aRMS [@b0095].

The important role of the FGFR4 encouraged us to study the mechanisms of SGI-110 induced FGFR4 down regulation in aRMS. Our results, herein, demonstrate that SGI-110 leads to down regulation of FGFR4 at the transcript level via a marked attenuation of the H3K4 mono-methylation across the FGFR4 super enhancer that is associated with upregulation of histone lysine demethylase, KDM5B, in aRMS.

Materials and methods {#s0010}
=====================

Cell culture and chemicals {#s0015}
--------------------------

RH30, RH41 and RD cell lines, provided by TJ. Triche (Children's Hospital Los Angeles) and authenticated by short tandem repeat (STR) testing to ensure the identity of the cell lines, were cultured in RPMI-1640 media supplemented with 2 mM l-glutamine, 100U/mL penicillin, 100 μg/mL streptomycin and 10% fetal bovine serum (Sigma--Aldrich, St Louis, MO) and maintained in a humidified incubator containing 5% CO~2~ at 37 °C. Guadecitabine (SGI-110) was purchased from MedChemExpress (cat. \# HY-13542).

Measurement of cellular proliferation {#s0020}
-------------------------------------

RH30, RH41 and RD cells were plated at 2000 cells/well in 96-well plates (CytoOne, USA Scientific, Inc) and kept overnight in a humidified incubator containing 5% CO~2~ at 37 °C. Next day, cells were treated with the indicated concentrations of SGI-110 and cellular proliferation rate was monitored in an IncuCyte S3 live cell analysis system (Essen BioScience, Ann Arbor, MI, USA) for 8--9 days. SGI-110 stock solution of 5 mM was prepared in fresh molecular biology-grade DMSO. All proliferation studies were performed at least three times.

Cell cycle analysis by BrdU incorporation assay {#s0025}
-----------------------------------------------

The cell cycle analysis of control and SGI-110 treated cells was performed using an APC-BrdU flow kit (BD Bioscience Pharmingen, cat. \#552598) according to the manufacturer's instructions. Briefly, drug-treated RH30 and RH41 cells (500 nM for 5 days) were labelled with 10 μM BrdU added to the medium for 1 hour. The cells were then fixed, permeabilized, and treated with DNase (300 μg/mL for 1 hour at 37 °C), stained with APC-conjugated monoclonal anti-BrdU antibody, 7-AAD reagent (Overnight at 4 °C), and analyzed on a BD LSR II (BD Biosciences, San Jose, CA) for APC and 7-AAD fluorescent dyes, respectively. In total, 10,000 events were counted for a sample.

Real-Time RT-PCR quantification {#s0030}
-------------------------------

RNA was isolated from RH30 and RH41 cell lines treated with the indicated concentrations of SGI-110 for 5 days using the RNeasy plus mini kit (cat \#74134) as recommended by the manufacturer. cDNA was generated using the iScript select cDNA synthesis kit (cat \#1708896). Quantitative PCR was done using a QuantStudio3 real-time PCR system (Applied Biosystems, CA). For each primer set, reactions were conducted in triplicate using the PowerUp SYBR Green Master Mix (cat. \# A25741) according to the instructions of the manufacturer and the following primers: forward − 5′ AAA CCA GCA ACG GCC GCC TG 3′ and reverse − 5′ GTC GAG GTA CTC CTC AGA GAC 3′ (FGFR4); forward − 5′ GAG AGA CCC TCA CTG CTG 3′ and reverse − 5′ GAT GGT ACA TGA CAA GGT GC 3′ (GAPDH). Reactions were initiated with a 10 min incubation at 95 °C followed by 40 cycles at 95 °C for 15 s and 60 °C for 60 s. Relative values of gene expression were calculated with untreated samples as control, and normalized to levels of GAPDH (Glyceraldehyde 3-phosphate dehydrogenase), according to the 2(-Delta Delta C(T)) Method [@b0100].

ChIP-sequencing and data analysis {#s0035}
---------------------------------

ChIP-seq was performed as described preciously [@b0105] with some modifications. Briefly, RH30 cells were incubated with SGI-110 (500 nM) or DMSO for 5 days. Cells were then fixed for 8 minutes with 1% formaldehyde and sheared using Bioruptor PLUS Sonicator (Diagenode, Denville, NJ, USA) combined with the bioruptor water cooler at high power setting to achieve chromatin fragmented to a range of 200--600 bp. Immunoprecipitation of sheared chromatin was performed with antibodies against H3K4me1 (Active Motif, cat \#39297), H3K4me3 (Active Motif, cat \#39159) and H3K27me3 (Active Motif, cat \#39155) overnight at 4 °C. DNA purifications were performed with the ChIP-IT High Sensitivity kit (Active Motif, cat \#53040). Libraries were prepared from ChIP and Input DNAs using Illumina TruSeq ChIP Library Prep Kit (cat \# IP-202--1012) and size selected by following the manufacturer's instructions to obtain a 250--300 bp size-range of DNA fragments. The resulting libraries were then sequenced as paired-end 150-mers on an Illumina NextSeq500 platform. 30,000,000 unique reads were generated per sample. ChIP-seq data processing was performed using Partek Flow (Partek Inc.) All reads were filtered to retain only those with mean base quality score \> 20 and duplicate reads were removed. Filtered reads were mapped to reference genome (hg38) using STAR, allowing uniquely-mapped alignments only and peaks were called using MACS2 [@b0110].

Immunoblotting {#s0040}
--------------

Cell lysates were prepared in RIPA buffer supplemented with protease/phosphatase inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA, USA). Protein lysates (25--35 μg/lane), as determined by BCA protein assay (Life Technologies), were then separated by SDS-PAGE (NuPAGE; 4%--12% Bis-Tris gels; Invitrogen) and transferred on to a nitrocellulose membrane that was probed with anti-FGFR4 (Cell Signaling Technology, cat. \#8562), anti-IGF-1Rβ (Cell Signaling Technology, cat. \#9750), anti-MYOD1 (Cell Signaling Technology, cat. \# 13812), anti-FOXO1 (Cell Signaling Technology, cat. \#2880) and anti-β-Actin (Cell Signaling Technology, cat. \#4967) primary antibodies followed by anti-rabbit IgG, HRP-linked secondary antibody (Cell Signaling Technology, cat. \#7074) before detection using an iBright CL1000 imaging system (Thermo Fisher Scientific, MA, USA). iBright analysis software was used for quantification of the intensity of bands of interest.

Immunocytochemistry {#s0045}
-------------------

After sterilization and coating with Poly-L-Lysine (Sigma), cover slips were placed in 6-well plate and 50,000 cells (RH30 and RH41) in 2 ml of RPMI were plated in each well overnight. The medium was aspirated and the cells were treated with DMSO (control) or SGI-110 (500 nM and/or 700 nM) for 5 days, fixed in 3.7% formaldehyde for 15 min and permeabilized for 10 min in 0.25% Triton X-100. To reduce nonspecific background staining, cells were incubated with blocking buffer (1% BSA in TBST). After 1 hour, cells were labeled with anti-KDM5B (1:100 dilution; Cell signaling, cat. \#3273) primary antibody overnight followed by Cy3-conjugated goat anti-rabbit (111-165-045; Jackson ImmunoResearch, West Grove, PA) secondary antibody for another 2 h in the dark at room temperature. Coverslips were then mounted in antifade reagent (Invitrogen) containing DAPI to stain nuclei and imaged on a Leica microscope (DMI6000B, Leica, Wetzlar, Germany) using a 20×/0.70 air objective at room temperature. ImageJ was used for quantification of fluorescence intensity in each image.

Statistical analysis {#s0050}
--------------------

Results were expressed as the mean ± SD or mean ± SEM. Comparisons between means were made by Student\'s *t*-test. The difference was considered to be statistically significant when *P* \< 0.05.

Results {#s0055}
=======

SGI-110 inhibits cellular proliferation and down regulates FGFR4 protein levels in rhabdomyosarcomas {#s0060}
----------------------------------------------------------------------------------------------------

To investigate the growth inhibitory effect of SGI-110 in rhabdomyosarcomas, we treated aRMS (RH30 and RH41) and eRMS (RD) cells with two different concentrations of the compound and cell proliferation rate was monitored for 8--9 days post treatment in an IncuCyte live cell analysis system. As shown in [Fig. 1](#f0005){ref-type="fig"}A, treatment of RD cells with 500 nM and 700 nM SGI-110 caused a statistically significant decrease in cellular proliferation rate of 27.9 ± 0.6% and 36.6 ± 0.7% respectively, compared to the untreated control. Treatment of aRMS cells with the same doses of SGI-110 showed more sensitivity to the drug with a statistically significant decrease of 45.3 ± 0.9% and 54.4 ± 0.7% (RH30 cells) and 72.7 ± 4.7% and 76.4 ± 4.0% (RH41 cells) in cellular proliferation rate, respectively. These data demonstrate that SGI-110 inhibits cell proliferation more effectively in fusion-positive RMS (*i.e.,* RH30 and RH41) than in fusion-negative RMS (*i.e.,* RD). Flow cytometry cell cycle analysis revealed a statistically significant increase in the number of cells in the S-phase in both RH30 (56.5 ± 0.5% compared to 41.5 ± 1.5% in untreated cells) and RH41 (23.8 ± 0.2% compared to 16.3 ± 0.4% in untreated cells) cells 5 days post SGI-110 treatment. Cell accumulation in S-phase of the cell cycle with a significant decrease in the number of cells in G1-phase is indicative of DNA synthesis blockade associated with SGI-110 treatment in aRMS ([Supplementary Fig. 1](#s0100){ref-type="sec"}).Fig. 1**SGI-110 inhibits cell proliferation more effectively in aRMS than eRMS cells** (A) Cell lines were exposed to the indicated concentrations of SGI-110 and cellular proliferation rate was monitored in an IncuCyte S3 live cell analysis system for 8--9 days. Data represent the mean ± SEM of a representative experiment. *\*\*\*P \<* 0.001 versus control (*i.e.,* DMSO). (B) Representative images of DMSO, 500 nM and 700 nM SGI-110 treated RMS cells at day 8. Scale bar = 700 μm. (C) Immunoblot of the total RH30 and RH41 cell extracts treated with the indicated concentrations of SGI-110 or DMSO (control) for 5 days, probed with antibodies against FGFR4, FOXO1, IGF-1R and MYOD1. β-Actin used as a loading control. (D) Densitometric analysis of the immunoblot in C using iBright Analysis Software. Results are the means ± SD pooled from three independent experiments, *^\*\*^ P \<* 0.01 versus untreated controls (*i.e.,* DMSO).

Immunoblot analysis of the total cell extracts from drug treated cells indicated a significant reduction in FGFR4 protein levels in aRMS ([Fig. 1](#f0005){ref-type="fig"}C & D) and eRMS ([Supplementary Fig. 2](#s0100){ref-type="sec"}), 5 days post treatment. However, there were no significant differences between the two doses of SGI-110 used in aRMS ([Fig. 1](#f0005){ref-type="fig"}D). RNA-seq data analysis of the RH30 cells treated with 500 nM SGI-110 for 5 days also revealed a statistically significant decrease (Fold change: 0.40, *P*-value: 4.38E-71) in transcript levels of FGFR4 (Supplementary table 1). While FGFR4 is expressed in both aRMS and eRMS cells, it is significantly overexpressed in aRMS tumors. We therefore, focused our studies on exploring molecular mechanisms of SGI-110 induced FGFR4 down regulation in aRMS. As shown in [Fig. 1](#f0005){ref-type="fig"}C, we could not detect any significant reductions in the PAX3-FOXO1 and its downstream targets MYOD1 and IGF-1R protein levels in SGI-110 treated RH30 and RH41 cells indicating that SGI-110 induced FGFR4 down regulation is not a downstream effect of PAX3-FOXO1 suppression by SGI-110 in the fusion-positive rhabdomyosarcomas.

SGI-110 attenuates the active enhancer mark, H3K4me1, at the FGFR4 locus and is associated with decreased transcript levels {#s0065}
---------------------------------------------------------------------------------------------------------------------------

SGI-110 is a second-generation DNA hypomethylating prodrug whose active metabolite is the well-characterized drug decitabine. This dinucleotide exerts its anticancer activities through gene-specific and global hypomethylation both *in vitro* and in animal model systems [@b0115]. Given that, we hypothesized that SGI-110 may down regulate FGFR4 protein levels through epigenetic alterations at the regulatory elements of FGFR4 locus.

To gain insight into epigenetic mechanisms of FGFR4 down regulation by SGI-110, we investigated the status of the active (*i.e.,* H3K4me1 and H3K4me3) and repressive (*i.e.,* H3K27me3) histone marks across the FGFR4 locus by sequencing DNA enriched by chromatin immunoprecipitation (ChIP-seq) in a fusion-positive RMS cell line, RH30, in the presence of either DMSO (control) or SGI-110. As shown in [Fig. 2](#f0010){ref-type="fig"}A, SGI-110 treatment led to the noticeable attenuation of the H3K4 mono-methylation at the FGFR4 super enhancer compared to the untreated control while tri-methylation of H3K4 that is an active promoter mark was not altered. We could not detect any changes in the H3K27 tri-methylation levels after drug treatment ([Fig. 2](#f0010){ref-type="fig"}A). It is noteworthy that H3K4me1 peaks across IGF-1R and MYOD1 loci, two downstream targets of PAX3-FOXO1 in aRMS, did not show any noticeable differences between SGI-110-treated and untreated control ([Supplementary Fig. 3](#s0100){ref-type="sec"}) that was in accordance with our IGF-1R and MYOD1 immunoblot analysis in [Fig. 1](#f0005){ref-type="fig"}C.Fig. 2**Attenuation of active enhancer mark (H3K4me1) across the FGFR4 locus and its mRNA levels by SGI-110** (A) Chromatin immunoprecipitation was performed using the ChIP-IT® High Sensitivity Kit (Cat. \#53040) with chromatin from RH30 cells, before and after treatment with 500 nM SGI-110 for 5 days using antibodies against H3K4me1 (Active Motif, cat. \#39297), H3K4me3 (Active Motif, cat. \#39159) and H3K27me3 (Active Motif cat. \#39155). ChIP DNAs were sequenced on the Illumina Nextseq 500 sequencer and 30 million sequence tags were mapped to identify H3K4me1, H3K4me3 and H3K27me3 binding sites across the FGFR4 super enhancer (SE) on chromosome 5. (B) Real-time RT-PCR was used to determine the expression levels of FGFR4 gene. Gene expression was normalized to that of the Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene. The results indicate significant reductions in the amounts of FGFR4 mRNAs in the presence of SGI-110 relative to DMSO treated control in both RH30 and RH41 cell lines. Reactions were conducted in triplicate and results were expressed as the mean ± SD, *\* P \<* 0.05, *^\*\*^ P \<* 0.01.

Using real-time RT-PCR to measure the transcript abundance of FGFR4 gene, we could detect a statistically significant reduction of 36.9 ± 4.6% and 33.5 ± 5.6% in FGFR4 mRNA levels in RH30 cells exposed to 500 nM and 700 nM SGI-110 for 5 days compared with the untreated control, respectively. A statistically significant decrease of 25.0 ± 6.4% and 35.9 ± 10.9% in FGFR4 transcript levels has also been observed in RH41 cell line, post treatment ([Fig. 2](#f0010){ref-type="fig"}B). These results are in agreement with our hypothesis of the importance of epigenetic alterations caused by SGI-110 in modulation of FGFR4 transcript levels and showed that SGI-110 exerts its inhibitory effects on FGFR4 mRNA levels, at least in part, through attenuation of its active enhancer mark (*i.e.,* H3K4me1), in aRMS.

Upregulation of KDM5B by SGI-110 results in a global decrease in the H3K4 mono-methylation levels in aRMS {#s0070}
---------------------------------------------------------------------------------------------------------

Global distribution of the active histone modification peaks around the transcription start sites (TSSs) of all reference genes in RH30 cells revealed a noticeable genome-wide attenuation of the mono-methylation of lysine 4 on histone 3 as shown by the stronger red signal in DMSO treated controls compared with SGI-110 treated samples ([Fig. 3](#f0015){ref-type="fig"}A, left). However, global tri-methylation of H3K4 at the TSSs of most genes remained unchanged, post treatment ([Fig. 3](#f0015){ref-type="fig"}A, right). This observation indicates that SGI-110 may specifically upregulate the enzymes that remove mono-methyl group from the histone H3 lysine K4 in aRMS. In humans, 27 histone lysine demethylases with unique substrate specificities have been identified that can discriminate between different lysine residues and their degree of methylation. KDM1A (LSD1) and KDM1B (LSD2) from the LSD demethylase family and KDM5B (JARID1B) and RIOX1 (NO66) from the Jumonji C demethylase family are able to catalyze demethylation of H3K4me1 [@b0120], [@b0125], [@b0130]. RNA-seq data analysis of the RH30 cells treated with 500 nM SGI-110 for 5 days revealed a statistically significant 240-fold increase in transcript levels of KDM5B (JARID1B), while there were no changes in expression levels of the other lysine demethylases, post treatment ([Table 1](#t0005){ref-type="table"}). Furthermore, ChIP-seq analysis demonstrated a significant increase in the active promoter mark, H3K4me3, at the TSS of KDM5B, while tri-methylation of H3K4 at the TSS of KDM1A and KDM1B for instance, remained unchanged, post treatment of RH30 cells ([Fig. 3](#f0015){ref-type="fig"}B and [supplementary Fig. 4](#s0100){ref-type="sec"}). Immunoblot analysis of the total cell extracts revealed a significant increase in KDM5B protein levels in drug-treated RH30 and RH41 cells ([Fig. 4](#f0020){ref-type="fig"}A). These results were further confirmed by immunostaining and imaging of KDM5B protein in aRMS cells treated with or without SGI-110 for 5 days. As shown in [Fig. 4](#f0020){ref-type="fig"}B, in the presence of the compound, we observed a significant increase in KDM5B protein levels in the nucleus of the treated cells compared to untreated controls. These observations demonstrate that SGI-110 specifically upregulates histone lysine demethylase, KDM5B that likely contributes to genome-wide demethylation of H3K4me1, in aRMS.Fig. 3**Genome-wide attenuation of H3K4me1 is linked to the KDM5B upregulation by SGI-110 in aRMS** (A) Genome-wide distribution of the active enhancer (H3K4me1, left) and the active promoter (H3K4me3, right) marks is shown in the range of −5000 bp to + 5000 bp from transcription start site (TSS) of all reference genes, in RH30 cells with or without SGI-110 treatment for 5 days. (B) Genome browser tracks of H3K4me3 binding sites across KDM5B (JARID1B), KDM1A (LSD1) and KDM1B (LSD2) loci on chromosomes 1 and 6 following DMSO or SGI-110 treatment for 5 days in RH30 cells. A noticeable increase in the active promoter mark, H3K4me3, at the TSS of KDM5B, was observed after drug treatment.Table 1The expression fold change of 27 histone lysine demethylases in SGI-110 treated RH30 cells relative to untreated controls.**Gene symbolDescription*p value*FDRFold change**KDM5BLysine demethylase 5B2.6E-347.8E-33240.687935HRHR lysine demethylase and nuclear receptor corepressor3.7E-764.32E-743.37075988KDM7ALysine demethylase 7A3.52E-361.15E-342.845134656KDM4DLysine demethylase 4D0.0001310.0004261.79380289KDM2ALysine demethylase 2A1.87E-661.67E-641.743015431KDM3ALysine demethylase 3A3.55E-542.24E-521.607644584PHF8PHD finger protein 81.21E-292.9E-281.555862926KDM1BLysine demethylase 1B5.78E-114.1E-101.469735662KDM2BLysine demethylase 2B8.65E-147.98E-131.403889049KDM5ALysine demethylase 5A1.65E-101.12E-091.300652404KDM5CLysine demethylase 5C6.91E-083.52E-071.220667349KDM6ALysine demethylase 6A0.0030380.0078161.151442116KDM1ALysine demethylase 1A0.0015370.004171.116776185KDM3BLysine demethylase 3B0.000630.0018341.091826343UBE2BUbiquitin conjugating enzyme E2B0.2283220.3438531.067270695UTYUbiquitously transcribed tetratricopeptide repeat containing, Y-linked0.5362960.6616461.054652928KDM4BLysine demethylase 4B0.6934670.7949541.018621115HSF4Heat shock transcription factor 40.9460540.9621640.992851548KDM4ALysine demethylase 4A0.5408990.6658440.970823346KDM6BLysine demethylase 6B0.0365410.0731720.90424066KDM4CLysine demethylase 4C0.2529490.3731690.896232082JMJD1CJumonji domain containing 1C0.0216970.0460910.892761087PHF2PHD finger protein 20.0004790.0014250.890569119KDM5DLysine demethylase 5D0.0007570.0021710.843429953KDM8Lysine demethylase 80.0813570.1455680.829360451RIOX1Ribosomal oxygenase 1N/AN/AN/ARIOX2Ribosomal oxygenase 2N/AN/AN/AFig. 4**SGI-110 upregulates histone lysine demethylase, KDM5B, in aRMS** (A) Immunoblot of the total RH30 and RH41 cell extracts treated with the indicated concentrations of SGI-110 or DMSO (control) for 5 days, probed with antibody against KDM5B. β-Actin used as a loading control. (B) Immunofluorescent analysis of RH30 and RH41 cells treated with DMSO or indicated concentrations of SGI-110 for 5 days using anti-KDM5B rabbit primary antibody followed by Cy3-conjugated goat anti-rabbit (red) secondary antibody staining. DAPI was used to stain the nucleus (blue). Scale bar represents 100 µm. ImageJ was used for quantification of fluorescence intensity in each image. Each value is the mean ± SD of at least three analyzed images per condition, *\* P \<* 0.05, *^\*\*^ P \<* 0.01 versus control (*i.e.,* DMSO).

Discussion {#s0075}
==========

Fibroblast growth factor receptors (FGFRs) play a critical role in tumorigenesis and cancer progression through increased cell proliferation, metastasis, and survival [@b0135], [@b0140]. Altered expression, mutation, chromosomal rearrangement and abnormal splicing of the FGFR4 gene have been observed in many cancers including rhabdomyosarcomas, making it an attractive therapeutic target. Several compounds to target FGFR4 are in preclinical development or in the early phase of clinical trials [@b0145].

Treatment of cells with the DNA methyltransferase inhibitor, SGI-110, suppressed the expression of FGFR4 in both eRMS and aRMS, but was a more potent growth inhibitor in aRMS cells. Given the pleiotropic effects of epigenetic modifiers such as SGI-110 on the gene expression profile of cells, we hypothesized that SGI-110 mediated FGFR4 down regulation can be modulated at transcription levels through alterations of active and/or repressive histone marks across the FGFR4 locus.

The aRMS specific fusion transcription factor, PAX3--FOXO1, has previously been shown to bind to and activate the expression of the FGFR4 [@b0150]. The mechanism of this activation has been shown to occur through induction of active enhancer and promoter-associated histone marks which in turn activate its transcription in fusion-positive RMS [@b0105]. In the absence of the SGI-110, FGFR4 harbors active enhancer (H3K4me1) and promoter (H3K4me3) marks, as reported previously [@b0105]. However, a significant reduction in the active enhancer mark was observed across the FGFR4 locus post SGI-110 treatment while we could not detect noticeable changes in tri-methylation levels of H3K4 and H3K27 at this locus. Histone marks have diverse functions in gene regulation. However, these changes and effects are not fully understood. It has been reported that different histone marks recruit specific effector proteins important for each stage of the transcription cycle. The presence of several different domains in these effector proteins that interact with specific histone marks enables them to recognize those histone marks to serve critical modulatory functions in gene expression [@b0155], [@b0160]. Specific attenuation of H3K4 mono-methylation at the FGFR4 super enhancer post SGI-110 treatment associated with a significant reduction in FGFR4 transcript levels underscores the importance of the active enhancer mark, H3K4me1, in regulation of FGFR4 gene expression in aRMS. In a recently published model [@b0165], the loss of binding of CTCF to its hypermethylated insulators in SDH-deficient gastrointestinal stromal tumors (GISTs) allowing aberrant physical interaction between super enhancer and promoter resulted in the marked upregulation of oncogenes such as FGF4 and FGF3. Such models may also explain how hypomethylating agents such as SGI-110 can down regulate oncogenes by altering chromosome topology. Although treatment with DNMTi leading to global gene body DNA demethylation has been also suggested as one of the causes of the oncogene's down regulation [@b0170], [@b0175], it has become clear that DNMT inhibitors are able to cause a regional remodeling of chromatin by changing the histone marks independent of their effects on cytosine methylation [@b0180], [@b0185] and our data would suggest treatment of aRMS cells with SGI-110 has such effects.

Despite the widely described correlation of different histone marks with genomic regions and state of gene expression, whether and how they are functional in transcription is still controversial [@b0190]. While the role of H3K4me3 in promoting transcription initiation has been extensively reported, not all cellular genes show dependency on H3K4 tri-methylation. For instance, loss of this active promoter mark at expressed CpG island-associated genes in embryonic stem cells did not lead to reduced transcription [@b0195]. In addition, reduction in global levels of H3K4 methylation using siRNA against core subunits of mammalian H3K4 methyltransferase complexes, does not affect the steady-state expression of every gene [@b0200], [@b0205]. Hence, more detailed studies are necessary to further reveal the potential function of these histone marks in regulation of transcription of different genes in different cell contexts.

The observed genome-wide attenuation of the H3K4 mono-methylation but not tri-methylation, post treatment of RH30 cells and the observed SGI-110 mediated upregulation of the specific histone lysine demethylase, KDM5B, the only member of KDM5 (JARID1) family of histone lysine demethylases that catalyzes demethylation of H3K4me1 [@b0125], [@b0130], implicates KDM5B in the removal of the active enhancer mark, H3K4me1 in aRMS. It's been already shown that hypomethylation of promoter DNA by SGI-110 results in upregulation of genes including tumor suppressors [@b0030] and we believe KDM5B promoter demethylation by SGI-110 leads to its upregulation in aRMS cells as can be clearly seen by a noticeable increase in the active promoter mark (*i.e.,* H3K4me3) at KDM5B transcription start site, post treatment.

In summary, these data suggest that treatment of aRMS cells with a DNMTi, SGI-110, leads to a marked decrease in FGFR4 protein levels by a decrease in FGFR4 transcription via a marked attenuation of the H3K4 mono-methylation across the FGFR4 super enhancer that most likely results from an increase in the histone lysine demethylase, KDM5B protein levels apparently through increased H3K4me3 at the TSS of this gene. These data together suggest a pleiotropic effect of DNMTi therapy in aRMS cells, converging to significantly lower FGFR4 protein levels in these cells.

Appendix A. Supplementary data {#s0100}
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